Chaudhary P, Schreihofer AM. Improved glucose homeostasis in male obese Zucker rats coincides with enhanced baroreflexes and activation of the nucleus tractus solitarius. Young adult male obese Zucker rats (OZR) develop insulin resistance and hypertension with impaired baroreflex-mediated bradycardia and activation of nucleus tractus solitarius (NTS). Because type 1 diabetic rats also develop impaired baroreflex-mediated NTS activation, we hypothesized that improving glycemic control in OZR would enhance compromised baroreflexes and NTS activation. Fasting blood glucose measured by telemetry was comparable in OZR and lean Zucker rats (LZR) at 12-17 wk. However, with access to food, OZR were chronically hyperglycemic throughout this age range. By 15-17 wk of age, tail samples yielded higher glucose values than those measured by telemetry in OZR but not LZR, consistent with reports of exaggerated stress responses in OZR. Injection of glucose (1g/kg ip) produced larger rises in glucose and areas under the curve in OZR than LZR. Treatment with metformin (300 mg·kg Ϫ1 ·day Ϫ1 ) or pioglitazone (5 mg·kg Ϫ1 ·day Ϫ1 ) in drinking water for 2-3 wk normalized fed glucose levels in OZR with no effect in LZR. After metformin treatment, area under the curve for blood glucose after glucose injection was reduced in OZR and comparable to LZR. Hyperinsulinemia was slightly reduced by each treatment in OZR, but insulin was still greatly elevated compared with LZR. Neither treatment reduced hypertension in OZR, but both treatments significantly improved the blunted phenylephrine-induced bradycardia and NTS c-Fos expression in OZR with no effect in LZR. These data suggest that restoring glycemic control in OZR enhances baroreflex control of heart rate by improving the response of the NTS to raising arterial pressure, even in the presence of hyperinsulinemia and hypertension. baroreceptor reflex; hyperglycemia; metabolic syndrome; metformin; pioglitazone Address for reprint requests and other correspondence: A. M. Schreihofer,
INTRODUCTION
Excess weight gain is associated with the development of a cluster of attributes known as metabolic syndrome that foster premature cardiovascular morbidity and mortality (33, 52, 54) . People with obesity are prone to hypertension with an autonomic imbalance favoring reduced cardiac vagal tone and elevated sympathetic nerve activity (SNA) to multiple cardiovascular-related targets (77, 83) . In addition, obesity is linked with the development of compromised short-term control of arterial pressure (AP) by baroreflexes (67, 79, 83) , which promotes reduced variability of heart rate (HR) and increased variability of AP. Diminished baroreflexes can occur independently from hypertension (28) , and increased AP variability confers a significant independent risk for coronary heart disease, renal disease, stroke, and cerebrovascular-related cognitive decline (25, 71, 89) . Mechanisms underlying the development of impaired baroreflexes in people with obesity are not well understood.
Obesity is also associated with the development of prediabetic attributes that impact autonomic regulation of cardiovascular function before progression into frank type 2 diabetes mellitus. Whether or not fasting hyperglycemia or hypertension are present, hyperinsulinemia and glucose intolerance coincide with impaired baroreflex-mediated control of HR (36, 45, 67, 76) . Weight loss improves insulin sensitivity and baroreflexes in people with obesity (21, 27, 82) , but the relationship between these deficits has not been elucidated. Insulin has the ability to raise SNA, alter baroreflexes, and increase AP variability (46, 84) . However, the observation of diminished cardiac baroreflexes and HR variability in patients of normal weight with type 1 diabetes and elevated hemoglobin A1c (HbA1c) suggests that poor glucose homeostasis is a causative factor for impaired control of HR and AP (10, 18, 51) .
These deleterious cardiovascular and metabolic attributes are also observed in obese rodents, allowing for more invasive study of underlying mechanisms of disease. Rats or mice made obese by a high-fat diet or by genetically driven hyperphagia of standard rodent chow, such as obese Zucker rats (OZR) and db/db mice, develop elevated SNA that drives hypertension (24, 39, 59, 81) . Before the onset of hypertension, both models of rodent obesity develop impaired baroreflexes (59, 64, 75) , which likely contributes to their reduced HR variability (4, 55, 65) and increased AP variability (9, 35) . In obese rats, impaired baroreflexes coincide with changes in the brainstem baroreflex pathway (31, 59) . Normally, an evoked rise in AP reduces HR via excitation of arterial baroreceptor afferent nerves that activate nucleus tractus solitarius (NTS) neurons in the brainstem, which, in turn, excite cholinergic neurons in nucleus ambiguus to activate cardiac parasympathetic efferent nerves and GABAergic neurons in the caudal ventrolateral medulla (CVLM) to inhibit presympathetic neurons in the rostral ventrolateral medulla (RVLM) (1) . In adult male OZR and lean Zucker rats (LZR), changes in baroreceptor afferent nerve activity over a wide range of evoked changes in AP are comparable, suggesting that sensory mechanisms for detection of AP are intact (39) . In contrast, direct electrical stimulation of baroreceptor afferent fibers evokes smaller decreases in SNA and mean AP in adult male OZR (39) . Likewise, in rats made obese by a high-fat diet, electrical stimulation of myelinated baroreceptor afferent nerves evokes smaller decreases in HR, which is due to reduced vagal activation and sympathetic withdrawal (59) . As further evidence of centrally mediated changes, acutely raising mean AP produces fewer c-Fos-positive neurons in the NTS of adult OZR (31) and less inhibition of presympathetic RVLM neuronal activity in rats made obese by a high-fat diet (37) . In agreement with diminished baroreflex-mediated activation of the NTS, microinjection of glutamate into the intermediate NTS evokes smaller reductions in splanchnic SNA and mean AP in adult male OZR (31) . The NTS appears to be a critical central site of impairment because glutamatergic activation of the CVLM and GABAergic inhibition of the RVLM produce equivalent decreases in SNA and AP in adult male OZR and LZR (31, 40) . In contrast to adult OZR, juvenile OZR and LZR have equivalent baroreflexmediated changes in SNA and HR that coincide with comparable physiological responses to activation of the NTS (31, 75) . These data suggest that the progression of metabolic syndrome reduces baroreceptor afferent-mediated activation of the NTS to yield impaired inhibition of presympathetic RVLM neurons, SNA, and HR. Because OZR become obese with an excess intake of standard rat chow (80, 87) , the development of obesity-related deficits in autonomic regulation of SNA, HR, and AP can be examined without altering diet composition.
In addition to hypertension and impaired baroreflexes, young adult male OZR have hyperinsulinemia and glucose intolerance in the presence of normal fasting glucose levels (23, 44) . As reported in humans, poor glycemic control in rats is associated with a diminished short-term control of AP, even in the absence of other traits of metabolic syndrome. Streptozotocin-induced hyperglycemia in Sprague-Dawley rats produces diminished baroreceptor-mediated activation of the NTS without increasing body weight, insulin, or AP (26) , and this treatment also produces impaired baroreflexes and excess AP variability that are improved by reducing blood glucose (92) . Therefore, the present study examined the hypothesis that improved glycemic control after treatment with metformin or pioglitazone enhances blunted arterial baroreflex-mediated control of HR and activation of the NTS in conscious adult male OZR. In addition, we measured blood glucose continuously by telemetry to determine whether fasting glucose reflects basal glucose levels with ad libitum access to food in conscious, undisturbed rats. These experiments provide the first determination of whether improved glucose homeostasis in prediabetic male OZR enhances diminished baroreflexmediated changes in HR and activation of the NTS. Implantation of glucose-sensing transmitters. After rats were anesthetized with isoflurane, a laparotomy was performed using aseptic conditions. The tip of the transmitter catheter (HD-XG, Data Sciences International) was inserted rostrally, a laparotomy was performed to insert the tip of the transmitter catheter (HD-XG, Data Sciences International) rostrally into the abdominal aorta distal to the renal arteries. The aortic wall was sealed around the catheter with a piece of mesh and a small drop of cyanoacrylate adhesive. The transmitter was secured to the abdominal wall using a 4.0-prolene suture. After the incision was closed, rats were kept warm and monitored until fully conscious. Each cage was placed on a receiver (DSI) to continuously measure blood glucose by telemetry. Calibration of the transmitters was verified using blood samples from the tail with rats in fasted and fed states and with glucose tolerance tests (GTTs).
MATERIALS AND METHODS

Animals
Glucose measures and treatment with metformin or pioglitazone. To determine blood glucose levels from rats in fasted (18 h) and fed states, blood samples were taken from the tail between 8:00 AM and 9:00 AM with at least 3 days between the samples. To minimize disturbance to the rat during glucose measures, the tip of the tail was snipped with scissors while the rat remained in their home cage with nesting material. A drop of blood from the tail was applied to a glucose test strip that was inserted into a calibrated handheld glucometer (Accu-Chek Aviva Plus). Duplicate blood samples were taken to generate a mean value for each measurement. In fasted and fed rats, analogous baseline values were generated using telemetry by taking the average of 20-s samples every 5 min for 1 h. To determine blood glucose values over the course of one day when rats had access to food, hourly blood glucose values were generated by averaging 5-min samples spanning 60 min from each rat over a 24-h period that was at least 2 days apart from a fasting period.
The first GTT was performed 3 to 4 days after implantation of the glucose transmitter. Rats were fasted overnight for 18 h with access to water. The next morning, cages were removed from their rack and lined up on carts with their telemetry receivers, alternating lean and obese rats. A duplicate baseline blood sample was taken from the tail of each rat at~8 AM, and then 30 -60 min later, each rat was briefly lifted from their cage and injected with glucose (1 g/kg ip from a 0.5 g/ml solution). While the rat rested in its home cage, additional tail blood samples were taken at 15, 30, 45, 90 , and 120 min after administration of glucose. Periodic fed glucose samples were also taken every 1-2 wk to ensure calibration of the transmitters. All tail blood sample readings were entered into the telemetry data acquisition software in duplicate for each time point as they were collected (Dataquest A.R.T. software platform, DSI).
Subsets of LZR and OZR (13Ϫ14 wk old) began treatment with metformin (300 mg·kg Ϫ1 ·day Ϫ1 ) in their drinking water (14, 22, 50) during the week after their first GTT. These rats were housed next to age-matched OZR and LZR with untreated drinking water. Fluid intake and weight were monitored every 48 h, and the concentration of metformin was adjusted to provide the correct daily dose. The metformin-treated drinking water was sweetened with an artificial sweetener (2 packets of Splenda/1 liter of water) (42) , and these rats had access to HydroGel cups (clear H2O) in their cages to ensure proper hydration. Metformin was chosen for its ability to selectively normalize glucose homeostasis in the continued presence of hyperinsulinemia and hypertension (14, 50) . Additionally, metformin does not impact glucose levels in LZR (22) , allowing for treatment in LZR to control for other potential effects of metformin. Treatment was limited to 2-3 wk to minimize weight loss (22, 90) . After 2-3 wk of drug treatment, a second GTT was performed in treated and untreated rats to ensure calibration of the transmitter and examine the efficacy of drug treatment.
To control for potential effects of weight loss with metformin, another set of rats was treated with pioglitazone (5 mg·kg Ϫ1 ·day Ϫ1 suspended in 0.5% methylcellulose), which tends to promote weight gain while improving glucose homeostasis. In addition, this dose produces minimal effects upon AP in OZR (19, 53) . As described below, these rats were used for assessment of AP, baroreflex-mediated bradycardia, and activation of the NTS as indicated by c-Fos expression. Blood samples were taken in the fed state at~9 AM in conscious rats to confirm effects of pioglitazone treatment upon glucose, insulin, and lipids.
Phenylephrine infusion in conscious rats to activate baroreflexes and the NTS. After 2-3 wk of treatment, rats were anesthetized with isoflurane (5% in a ventilated box and then 2.0 -2.5% through a nose cone). A catheter was implanted in the left femoral artery to record AP and HR and the left femoral vein to infuse fluids. As previously described, the free ends of the catheters were tunneled subcutaneously to exit between the scapulae (31) . The rats were fitted with a button tether and dual channel swivel (Instech Laboratories) attached to a counterbalanced lever arm to allow them to move freely in a covered plexiglass cylindrical cage (MTANK/W and MTOP, Instech). The rats were allowed to recover for 24 -48 h with access to food and water. On the morning of the experiment, food and water were removed, and the cages were surrounded with a cover to minimize disturbance to the rat. At~9:00 AM a baseline blood sample (0.5 ml) was drawn through the arterial catheter, and the volume was replaced by sterile saline. Then, the arterial line was connected through the swivel to a transducer (NL108T2, Digitimer), and the venous line was connected through the swivel to an infusion pump (model A-99, Razel). After 30 min of baseline recording of AP and HR, phenylephrine was infused to raise mean AP by 40 mmHg for 90 min (13-31 l/min of 0.5 mg/ml of phenylephrine in saline iv). The infusion rate was continuously adjusted to maintain the 40 mmHg rise in mean AP over the 90-min period. This protocol allowed for measurement of baroreflex-mediated bradycardia within the first 5 min and later activation of c-Fos expression in the brainstem. During the last 30 min of the infusion, the phenylephrine-filled syringe was replaced by a saline-filled syringe to slowly replace the phenylephrine in the line by the end of the 90-min period. Mean AP remained elevated throughout the 90-min protocol. Rats were deeply anesthetized with urethane (1.5 g/kg iv bolus) after the 90-min infusion and perfused transcardially with 250 ml of phosphate-buffered saline (pH 7.4) followed by 500 ml of 4% phosphate-buffered paraformaldehyde (Electron Microscopy Sciences). The brains were removed and stored in the same fixative for 48 h.
Measurement of plasma insulin, cholesterol, and triglycerides. Blood drawn from the arterial catheter of conscious rats was collected into a heparinized tube and immediately centrifuged to isolate plasma. Plasma samples were stored frozen as aliquots for later analysis by ELISA. Measurements were made using a Rat Ultrasensitive Insulin ELISA kit (80-INSRTU-E01, ALPCO) for plasma insulin, a Cholesterol E kit (439-17501, Wako Diagnostics) for total plasma cholesterol, and L-Type TG M reagents for triglycerides (Color A 461-08992, Color B 461-09092 and Multi-Lipid calibrator 464-01601, Wako Diagnostics). Samples were run in duplicate to obtain an average value for each rat.
Immunohistochemistry for c-Fos. Brainstems were sectioned with a Vibratome (30 m, coronal plane), and sections were placed consecutively in a 24-well dish containing a cryoprotectant solution. The free-floating sections were stored at Ϫ20°C until further processing. Immunohistochemistry for c-Fos protein was performed on freefloating sections on an orbital shaker in solutions prepared in Trisbuffered saline (TBS, pH 7.4) at room temperature, unless specified otherwise. Sections from rats of different groups were run in adjacent columns within the same staining dishes to ensure comparable staining conditions. The sections were incubated with 1% hydrogen peroxide (30 min) to block endogenous peroxidases, rinsed in TBS, and blocked in 10% horse serum (45 min). Then, sections were incubated with a goat anti-c-Fos primary antibody (1:2,000, 4°C, 48 h; sc-52G, Santa Cruz Biotechnology), as previously described (31) . After being rinsed in TBS, sections were incubated with a biotinylated donkey anti-goat secondary antibody (1:400, 1 h; cat. no. 705-066-147, Jackson Laboratories) followed by an avidin-biotin solution (1 h; PK-6100, Vector Laboratories). The c-Fos immunoreactivity was revealed by incubation with a nickel-intensified 3,3=diaminobenzadine solution. The reaction was closely monitored for 8 -10 min and terminated with TBS rinses when staining became visible. Processed sections were mounted onto gelatin-coated slides and air-dried overnight. Slides were submerged in a series of alcohols and xylenes and then coated with DPX mounting medium (Sigma-Aldrich) to affix coverslips. The c-Fos-immunoreactive (Fosϩ) neurons were mapped and counted bilaterally in the NTS at four rostrocaudal levels using Neurolucida (MFB Bioscience) and blinded conditions as previously described (31) .
Data acquisition and analysis. Glucose levels were recorded by telemetry for 20 s every 5 min for 3-4 wk. For 24-h measures, hourly averages were produced from the 5-min data samples. Variability of glucose was calculated as the standard deviation of the mean using 2 h of recordings by telemetry. The AP was measured through a femoral artery catheter, and the mean AP and HR were derived from the AP pulse using a calibrated low-pass filter (N125) and a spike trigger (NL201), respectively (Neurolog System, Digitimer). Analog signals were converted to digital (Micro 1401, Cambridge Electronic Design) and viewed online using Spike2 software (Cambridge). All group data are expressed as means Ϯ SE. Significant statistical difference was set at P Ͻ 0.05. Before treatments, baseline parameters in age-matched OZR and LZR were compared using unpaired t-tests. Values at multiple time points were compared using an ANVOA with repeated measures. After drug treatments, all measures were compared using an appropriate ANOVA, and pairwise comparisons were made using Tukey's honestly significant difference post hoc tests. (SigmaStat, version 3.5).
RESULTS
Blood glucose values in OZR and LZR before metformin treatment. Young adult male OZR weighed 59% more than age-matched LZR ( Table 1) . Morning fasted blood glucose measured by telemetry was comparable in OZR and LZR (Fig.  1A) . In contrast to fasting conditions, access to food produced a rise in morning blood glucose levels in OZR but not LZR, resulting in a significantly elevated morning fed glucose level only in OZR ( Fig. 1A) . When rats were undisturbed in their cages with access to food, hourly averages of blood glucose over a 24-h period revealed that OZR had higher blood glucose levels than LZR at all hours of the day and night (Fig. 1B ). In addition to chronically elevated blood glucose in OZR, the 24-h variability of blood glucose was higher in OZR compared with LZR (8.0 Ϯ 0.8 vs. 4.7 Ϯ 0.4, P Ͻ 0.05, unpaired t-test), with the blood glucose variability being highest in OZR during the night (Fig. 1C) .
The evening before the first GTT, food was removed from the cages at~5:00 PM. Within 8 h of fasting, blood glucose Data are expressed as meansϮ SE; n, number of rats. Age and weight were determined the morning of the glucose tolerance test (Fig. 2) . Area under the curve (AUC) was measured as the difference from baseline in 5-min increments from Ϫ15 to 165 min in relation to the injection of glucose. LZR, lean Zucker rats; OZR, obese Zucker rats. *P Ͻ 0.05, unpaired t-tests. levels in OZR and LZR were equivalent to baseline measures taken the next morning, providing comparable and consistent blood glucose values for 7 h before the GTT (data not shown). Injection of glucose (1 g/kg ip) produced a higher blood glucose in OZR compared with LZR ( Fig. 2 ) with a peak that occurred later in the OZR (20 min for 8 of 12 rats) than in LZR (15 min for 8 of 11 rats; Table 1 , Fig. 2A ). In addition, the return of blood glucose toward baseline levels took longer in OZR than in LZR (180 vs. 90 min, Fig. 2A ), contributing to a larger area under the curve in OZR (Table 1) . By 95 min, blood glucose levels were not different between OZR and LZR ( Fig.   2A ). Return of food to the cages 3 h after the injection of glucose produced a rise in blood glucose that peaked by 5 h in both groups (Fig. 2B ). The peak blood glucose was significantly greater in OZR compared with LZR ( Fig. 2B) , and blood glucose levels remained higher in OZR thereafter, as seen in baseline measures with access to food ( Fig. 1B) .
Blood glucose values in OZR and LZR after metformin treatment. At 15-17 wk of age, body weight was 57% higher in untreated OZR and 83% higher in metformin-treated OZR compared with like-treated, age-matched LZR ( Table 2) . Treatment with metformin tended to retard weight gain in both LZR and OZR, consistent with reported reductions in food intake with this dose of metformin in Zucker rats (72) . In this particular set, metformin-treated LZR weighed less than untreated LZR, but no differences were observed between the OZR groups ( Table 2) . As seen at 12-14 wk of age, at 15Ϫ17 wk of age the fasted blood glucose measured by telemetry was comparable in untreated OZR and LZR but was higher in OZR than LZR with access to food ( Fig. 3A ). Treatment with metformin had no effect on fasted blood glucose levels in OZR or LZR (Fig. 3A ). However, metformin treatment effectively ameliorated the elevated morning blood glucose in OZR with access to food ( Fig. 3A ) and dramatically reduced blood glucose levels in OZR at all hours of a 24-h period (Fig. 3B ). Analysis of this 24-h period showed that metformin treatment did not alter fed blood glucose levels in LZR, and metformintreated OZR had fed blood glucose levels equivalent to LZR ( Fig. 3C ). With the progression of metabolic syndrome from 12-14 wk to 15-17 wk of age, variability of blood glucose with access to food over a 24-h period was greatly increased in untreated OZR (from 8.0 Ϯ 0.8 to 22.7 Ϯ 2.7, P Ͻ 0.05, paired t-test), and treatment with metformin normalized blood glucose variability in OZR with no effect in LZR ( Fig. 3D ). Blood glucose levels were normalized in these young adult male OZR within~1 wk with this dose and route of administration of metformin (data not shown), providing 1-2 wk of normalized blood glucose with ad libitum access to food before experiments began.
At 15-17 wk of age, rats were fasted 18 h before the GTT, and at this age, 10 h were required for blood glucose levels to be equivalent in untreated OZR and LZR (data not shown). As seen at 12-14 wk of age, injection of glucose (1 g/kg ip) into fasted, untreated rats evoked a larger rise in blood glucose in OZR than LZR at 15-17 wk of age ( Fig. 4A ). Treatment with metformin had no effect on the response to injected glucose in LZR ( Fig. 4 , B and E), but metformin significantly reduced the evoked rise in blood glucose, time to peak, recovery time, and area under the curve in OZR compared with untreated OZR (Figs. 4, C and F; Table 2 ). Comparison of metformin-treated OZR and LZR revealed a slightly higher peak in blood glucose in the treated OZR ( Fig. 4D ), but time to peak and area under the curve for these metformin-treated OZR and LZR were not different ( Table 2 ). With the return of food 3 h after glucose injection, the untreated OZR displayed a significant rise in blood glucose that was virtually absent in metformin-treated OZR and unaffected by metformin treatment in LZR (Figs. 4, E and F and 5D).
Comparison of blood glucose values from tail samples and telemetry. Because treatment with metformin did not completely normalize the peak in blood glucose with the GTT in OZR ( Fig. 4D ), but normalized the elevated basal blood glucose with access to food (Figs. 3C and 4F), we examined whether moving and handling of the rats altered blood glucose levels more in OZR than LZR. Direct comparison of baseline blood glucose levels by tail sample, which involved moving and opening cages and handling the rats' tails, with measures of blood glucose by telemetry 1 h before any disturbance, revealed striking differences that were impacted by age, rat genotype, and feeding status. At 12-14 wk of age, fasting blood glucose values were comparable in LZR and OZR whether measured by tail sample or telemetry (Fig. 5A, left) . In contrast, at 15-17 wk of age, fasted blood glucose levels measured by tail sample were significantly higher than values measured by telemetry in OZR (Fig. 5A, middle) , and this difference persisted after metformin treatment (Fig. 5A, right) .
In contrast, comparisons of blood glucose levels by tail sample and telemetry in LZR did not differ with or without metformin treatment at 15-17 wk of age ( Fig. 5A middle and right) . Thus, fasted blood glucose levels were higher in 15-to 17-wk-old OZR compared with age-matched LZR when measured by tail samples, but fasted blood glucose levels were comparable in OZR and LZR when measured by telemetry ( Fig. 5A) . When rats had access to food, the comparison of glucose values from tail samples and telemetry also revealed some differences that varied by age. As seen in these rats when they were fasted, at 12-14 wk of age, glucose readings by both measures were comparable in LZR and OZR (Fig. 5B, left) , and with access to food, OZR had higher glucose levels than LZR whether measured by tail samples or telemetry, in agreement with Fig. 1A (Fig. 5B, left) . At 15-17 wk of age, glucose levels measured by tail sample or telemetry were comparable in LZR with or without metformin treatment (Fig. 5B, middle  and right) . However, as seen with fasting, when OZR had access to food, their blood glucose levels were higher when measured by tail sample than with telemetry whether or not the OZR were treated with metformin (Fig. 5B, middle and right) .
In contrast to the fasted state, in the fed state the sampling method did not alter conclusions regarding differences between OZR and LZR. With access to food, untreated 15-to 17-wk old OZR had higher blood glucose levels than LZR, but metformin-treated OZR and LZR had comparable blood glucose levels whether measured by tail sample or telemetry (Fig. 5B,  middle and right) .
Similar observations regarding the impact of handling the rats upon blood glucose levels can be made by examining the 15-to 17-wk-old rats immediately before and after a GTT (using segments of data from Fig. 4) . Fasting blood glucose levels were comparable in treated and untreated OZR and LZR when measured by telemetry (time span Ϫ90 to Ϫ70 min in Fig. 5C , taken from Fig. 4, A and D) . However, with moving the cages and taking blood samples from the tail, blood glucose levels measured by telemetry rose in OZR but not LZR during the hour before the injection of glucose that occurred at time 0 (Fig. 5C ). Although analysis of the entire time period in Fig.  4A (4 h of 5-min samples) did not detect differences observed before the injection of glucose, analysis of a shorter time span before the injection of glucose (80 min of 5-min samples) revealed clear differences between OZR and LZR (Fig. 5C ). Blood glucose was higher in untreated OZR than LZR for 40 min (Ϫ50 to Ϫ10 min, Fig. 5C, from Fig. 4A) , and metformin treatment in OZR and LZR reduced the duration of the difference in fasted blood glucose after tail sampling to 10 min (at Ϫ25 and Ϫ20 min; Fig. 5C, from Fig. 4D ).
Differences between OZR and LZR can also be seen following the GTT when food was returned to the cages, and the cages were moved back to their rack 3 h after the injection of Fig. 4, A and D) . The rise in blood glucose with the return of food is larger in untreated OZR than LZR (Fig.  5D ), and this difference is also apparent in the hourly averages (Fig. 4, E and F) . In metformin-treated rats, analysis of 5-min samples for 90 min after the return of food also revealed a significant rise in blood glucose in OZR compared with LZR during the time when cages were being moved, although the difference was smaller compared with untreated rats and occurred only for 10 min (Fig. 5D ). Within 30 min after the return of food to their cages and moving them, blood glucose levels in metformin-treated OZR were comparable to LZR (Fig. 5D ), whereas untreated OZR remained significantly elevated above metformin-treated OZR (Fig. 5D ), as observed in the hourly averages ( Fig. 4F) .
Baseline plasma insulin and lipids in OZR and LZR after treatment with metformin. Before the infusion of phenylephrine, a blood sample was taken from the arterial catheter in conscious, undisturbed rats after 1 day of recovery from surgery to implant indwelling femoral vascular catheters. As observed with the rats used for telemetry, metformin tended to retard weight gain. In this particular set, unlike those in Table  2 , the metformin-treated LZR were comparable to untreated LZR, whereas metformin-treated OZR weighed less than un-treated OZR ( Table 3 ). As seen in Table 2 , comparison of like-treated rats showed that OZR weighed significantly more than LZR (by 67% in untreated rats and 46% in metformintreated rats; Table 3 ). Insulin levels were slightly reduced by metformin treatment in OZR, with no effect in LZR (Table 3) . However, compared with like-treated LZR, untreated and metformin-treated OZR had insulin levels that were five times and seven times higher, respectively (Table 3) . Plasma cholesterol and triglycerides were higher in metformin-treated OZR compared with LZR, and neither measure was affected by metformin treatment or differences in body weights of treated and untreated OZR ( Table 3) .
Impact of metformin on phenylephrine-induced bradycardia and NTS c-Fos expression. Mean AP was elevated in untreated OZR compared with LZR, and metformin treatment did not reduce mean AP in either LZR or OZR (Fig. 6A ). Instead, mean AP was slightly but significantly higher in metformintreated OZR compared with untreated OZR (Fig. 6A ). There were no differences in baseline HR among the groups (data not shown), as previously reported in untreated conscious male OZR and LZR of a similar age (31) . Raising mean AP by 40 mmHg with infusion of phenylephrine evoked a baroreflexmediated bradycardia that was markedly reduced in untreated OZR compared with LZR (Fig. 6, B and C) , as previously reported (31) . Treatment with metformin enhanced phenylephrine-induced bradycardia in OZR with no effect in LZR (Fig.  6C ). However, the bradycardia in metformin-treated OZR was still smaller compared with LZR ( Fig. 6C ), suggesting a partial restoration of the lower plateau of the cardiac baroreflex in the metformin-treated OZR.
As expected, the number of phenylephrine-induced c-Fosexpressing neurons in the caudal and intermediate NTS of OZR was reduced compared with LZR at all four rostrocaudal levels examined (Figs. 7, A-C and 8, A and B) (31) . Treatment with metformin did not alter phenylephrine-induced c-Fos expression in the NTS of LZR but enhanced c-Fos expression in OZR, comparable to counts observed in LZR at all four rostrocaudal levels of the NTS examined ( Figs. 7 and 8) .
Regions of the NTS known to receive baroreceptor inputs (13) expressed fewer c-Fosϩ neurons in untreated OZR compared with LZR ( Figs. 7C, left, and 8, A and B) , and expression in metformin-treated OZR was restored within these regions (Figs. 7C, right, and 8D) .
Baseline plasma insulin and lipids in OZR and LZR after treatment with pioglitazone. Because metformin reduced weight gain in OZR and LZR, another set of rats was treated with pioglitazone and compared with untreated OZR and LZR. As expected (19) , pioglitazone accelerated weight gain in OZR (Table 4 ). Compared with like-treated LZR, untreated and pioglitazone-treated OZR weighed 47% and 56% more, re-spectively ( Table 4 ). Like metformin, treatment with pioglitazone caused a small reduction in plasma insulin levels in OZR but had no significant effect in LZR (Table 4 ). However, compared with like-treated LZR, insulin levels were 4.8 times higher in untreated and pioglitazone-treated OZR. Plasma cholesterol was elevated in OZR compared with LZR and was not affected by treatment with pioglitazone (Table 4 ). Plasma triglycerides were elevated in untreated OZR compared with LZR, and pioglitazone treatment had no significant effect in OZR or LZR ( Table 4) .
Impact of pioglitazone on glucose and phenylephrine-induced changes in HR and NTS c-Fos expression.
Blood glucose was measured at~9 AM in rats with access to food because these rats were not instrumented to record blood glucose by telemetry, and differences in blood glucose in untreated OZR and LZR were present only when rats had access to food (Figs. 3A and 5B ). Like metformin, treatment with pioglitazone did not alter morning fed blood glucose levels in LZR (Figs. 3A and 9A) . In contrast, treatment with pioglitazone greatly reduced morning fed blood glucose levels in OZR compared with those observed in LZR (Fig. 9A) . Although GTTs were not performed, previous reports show normalized fed glucose in OZR coincides with restoration of glucose response to glucose challenge (19) . Pioglitazone did not alter mean AP in conscious LZR or OZR, leaving the pioglitazone-treated OZR with higher mean AP than LZR (Fig. Values are means Ϯ SE; n, number of rats. Blood samples were collected from arterial line at~9:00 AM in conscious rats with access to food and water before infusion of phenylephrine. Each measure was analyzed by 2-way ANOVA for rat type ϫ treatment followed by Tukey's honestly significant difference tests. LZR, lean Zucker rat; OZR, obese Zucker rat. *P Ͻ 0.05 vs. LZR of like treatment, †P Ͻ 0.05 vs. untreated rat of same type. 9B). As seen with metformin, pioglitazone did not alter phenylephrine-induced bradycardia in LZR (Fig. 9C) . In contrast, the phenylephrine-induced bradycardia that was blunted in untreated OZR was fully restored by treatment with pioglitazone ( Fig. 9C ). Treatment with pioglitazone did not alter c-Fos expression in the NTS of LZR, but the diminished c-Fos expression observed untreated OZR and was significantly en-hanced by treatment with pioglitazone ( Fig. 9D ). However, after treatment with pioglitazone, phenylephrine-induced c-Fos expression was still slightly reduced in OZR compared with LZR ( Fig. 9D ).
DISCUSSION
Obesity is associated with the development of a constellation of attributes, known as metabolic syndrome, that promote premature morbidity and mortality (33, 52, 54, 62) . Current clinical guidelines use threshold values of these attributes that may not provide adequate triggers for intervention to reduce significant health risks. In the present study, fasting blood glucose levels measured by telemetry were comparable in adult male LZR and OZR up to 17 wk of age. However, with access to food, OZR were chronically hyperglycemic with impaired glucose tolerance by 12-14 wk of age. By this age, OZR also develop hypertension and impaired baroreflexes coincident with reduced baroreflex-mediated activation of the NTS (31, 75) . Treatment of OZR with metformin or pioglitazone dramatically improved glucose homeostasis and simultaneously enhanced the blunted baroreflex-mediated bradycardia and c-Fos expression in NTS with no effect in treated LZR. These attributes were restored in the persistence of hyperinsulinemia and hypertension, suggesting changes in insulin and AP did not contribute to the effects of the treatments. These data strongly suggest that impaired glucose homeostasis in prediabetic, insulin-resistant OZR contributes to reduced baroreceptor-mediated activation of the NTS and bradycardia before the onset of frank type 2 diabetes mellitus. Metformin and pioglitazone are both highly effective for restoring glucose homeostasis without producing hypoglycemia, but their underlying primary mechanisms differ. Pioglitazone stimulates peroxisome proliferator-activated receptor gamma to increase insulin sensitivity, particularly in liver and adipose tissue (3), whereas metformin stimulates AMP-activated protein kinase to reduce hepatic gluconeogenesis and enhance glucose uptake by muscles (94) . Although unidentified effects of metformin and pioglitazone may have also contributed to improvement of baroreflexes, several controls in the present study strengthen the argument that improved glucose homeostasis enhanced the brainstem's response to baroreceptor inputs in insulin-resistant OZR. Neither treatment altered baroreflex-mediated bradycardia or activation of the NTS in the LZR, suggesting these treatments were effective by ameliorating obesity-related attributes. Metformin tended to retard weight gain in all treated rats, and weight loss can improve baroreflexes in obese subjects (21, 27, 82) . However, pioglitazone accelerated weight gain while restoring glycemic control and baroreflex efficacy, providing confidence that improvement with metformin was not just a consequence of weight loss. Although plasma insulin was slightly reduced by both treatments in OZR, plasma insulin was still five to seven times higher in OZR than in LZR. Furthermore, insulin appears to act in the forebrain to alter baroreflex-mediated tachycardia without a significant effect on baroreflex-mediated bradycardia Values are means Ϯ SE; n, number of rats. Blood samples were collected from arterial line at~9:00 AM in conscious rats with access to food and water before infusion of phenylephrine. For triglycerides, n ϭ 5 rats for untreated OZR because of the removal of one outlier (385.2 mg/dl). Each measure was analyzed by 2-way ANOVA for rat type ϫ treatment followed by Tukey's honestly significant difference tests. LZR, lean Zucker rat; OZR, obese Zucker rat. *P Ͻ 0.05 vs. LZR of like treatment, †P Ͻ 0.05 vs. untreated rat of same type. (63, 70) . Hypertension is also associated with compromised baroreflexes (29) , but both treatments enhanced baroreflexmediated responses without reducing mean AP. Elevated cholesterol and triglycerides in OZR were not reduced by these treatments. Thus, the data suggest the enhanced glycemic control observed in treated OZR contributed to the improvement of baroreceptor-mediated activation of the NTS and bradycardia. Metformin and pioglitazone both improved phenylephrineinduced bradycardia and activation of the NTS in OZR, but the degree of recovery for each measure varied by treatment. Pioglitazone was more effective than metformin for restoring baroreflex-mediated bradycardia in OZR. The partial restoration observed in metformin-treated OZR may be related to the increase in baseline mean AP or the use of a suboptimal dose, as metformin-treated OZR retained some differences in glucose compared with treated LZR. In addition, although pioglitazone-treated OZR and LZR had comparable phenylephrineinduced bradycardia, the enhanced phenylephrine-induced c-Fos expression in the NTS was still significantly less in OZR than in LZR. These data suggest that pioglitazone may also enhance baroreflexes independent of improved activation of NTS. Furthermore, a related compound, rosiglitazone, increases baroreflex gain in correlation with or independent of improved insulin sensitivity in obese rats, depending on the dose (93) . Alternatively, the apparent mismatches in degree of improvement may also be related to the rudimentary assessment of baroreflex efficacy and excitation of baroreflex-related NTS neurons. Quantification of the baroreflex was limited to the maximal bradycardia evoked by a rapid rise in AP using a protocol to optimize c-Fos expression in the NTS. Bradycardia was chosen as the dependent measure because it could be readily quantified in conscious rats, and the maximal response to an evoked rise in AP is a prominent deficit observed in obese rodents (12, 59, 75) . Likewise, human subjects who are overweight and insulin-resistant with normal or elevated fasting blood glucose can have diminished baroreflex-mediated bradycardia in the absence of diminished baroreflex-mediated tachycardia or changes in SNA (36) . In obese rats, both sympathetic and parasympathetic contributions to baroreflexmediated bradycardia are impaired (6, 59) , but further study is needed to determine how metformin and pioglitazone improve the autonomic regulation of HR in OZR. In addition, although phenylephrine-induced c-Fos expression in NTS depends upon inputs from arterial baroreceptors (13), many activated NTS neurons are not likely to be directly involved in producing the baroreflex-mediated bradycardia. Most NTS neurons that express c-Fos after phenylephrine infusion are glutamatergic, but only a small portion of these neurons project to the region of the CVLM and nucleus ambiguus (88) . Therefore, although the number of phenylephrine-induced c-Fos-expressing neurons roughly indicates a magnitude of regional activation within the NTS, future studies will be necessary to determine which neurons are altered in OZR and are affected by treatments that improve glycemic control. Nevertheless, in the present study, treatment of OZR with metformin or pioglitazone increased c-Fos expression in regions of the NTS containing neurons that project to the ventrolateral medulla (88) . Despite these methodological limitations, these data show that restoration of glucose homeostasis in OZR coincides with improved barore-flex-mediated activation of the NTS and bradycardia in conscious rats.
Although the present study cannot delineate the cellular mechanisms underlying diminished baroreceptor-mediated activation of the NTS in OZR or its reversal by treatments that normalize glucose homeostasis, these changes are consistent with the impact of hyperglycemia upon the afferent limb of the baroreflex. In the absence of obesity, hypertension, or hyperinsulinemia, the presence of elevated blood glucose is accompanied by diminished phenylephrine-induced c-Fos expression in the NTS (26) and impaired baroreflexes without altering the relationship between aortic depressor nerve activity and AP (17, 20, 38) . Likewise, adult male OZR develop impaired activation of the NTS with no overt changes in aortic depressor nerve activity at an age when they are chronically hyperglycemic with access to food (31, 39) . The threshold AP for the onset of aortic depressor nerve activity is comparable in these OZR and LZR, and both the percent change and raw voltage of the aortic depressor nerve are equivalent over a wide range of AP. Furthermore, the modest hypertension in these OZR is accompanied by a slightly baseline higher aortic depressor nerve activity, suggesting no resetting of baroreceptor afferent nerve activity (39) . In contrast, electrical stimulation of the baroreceptor afferent fibers or microinjection of glutamate into the NTS evokes smaller physiological responses in adult male obese rats (39, 93) . These observations are consistent with a hyperglycemia-induced reduction in the ability of baroreceptor afferent nerves to activate the NTS.
Neurons within barosensitive regions of the NTS can be excited by raising circulating glucose within a physiological range and by local changes in glucose concentration (91) . Within the NTS, glucose increases glutamate release from vagal afferent nerve terminals to enhance vagal activation of NTS neurons, and glucose produces excitatory postsynaptic effects in some NTS neurons (86, 91) . In the setting of metabolic syndrome, many of these homeostatic mechanisms are disrupted or lost altogether. Just as hyperinsulinemia promotes insulin resistance, hyperglycemia fosters glucose insensitivity within the NTS. In type 1 diabetic mice, glucose fails to modulate the frequency of spontaneous excitatory postsynaptic currents in NTS neurons, suggesting that chronic hyperglycemia abrogates the glucose-enhanced glutamate release from vagal afferent nerve terminals (11) . Furthermore, with streptozotocin-induced hyperglycemia, glucose-mediated augmentation of NTS neuronal excitability is lost, coincident with reduced expression and function of glucokinase within the NTS (32) . Thus, acute local changes in glucose concentration play an important role in facilitating the activation of NTS neurons by afferent inputs, and the loss of glucose-mediated enhancement of neurotransmission with chronic hyperglycemia likely contributes to diminished activation of the NTS in the setting of diabetes.
Although the loss of glucose-enhanced activation of NTS neurons has been proposed to underlie impaired gastrointestinal function with diabetes (11), these changes in NTS neurotransmission with chronic hyperglycemia would also impair autonomic regulation of cardiovascular function. Whether or not the barosensitive NTS neurons are also glucose-sensitive, vagal activation of NTS neurons that regulate ingestive behaviors and digestion clearly converge to modulate the activity of barosensitive neurons in the ventrolateral medulla. Ingestion of calories stimulates duodenal release of cholecystokinin (CCK), which activates subdiaphragmatic vagal afferents that project to the NTS (66) and selectively inhibits splanchnic SNA to increase mesenteric blood flow (61, 73) . In agreement, some baroactivated GABAergic CVLM neurons are also excited by CCK (61) , and some baroinhibited bulbospinal RVLM neurons are inhibited by CCK with timing that corresponds to inhibition of splanchnic SNA (73) . Thus, vagal activation of NTS neurons that regulate gastrointestinal function also impact autonomic control of cardiovascular targets to coordinate digestion and blood flow.
In agreement with the notion of a more widespread depression of vagal activation of NTS neurons with chronic hyperglycemia, OZR have impaired sympathoinhibitory responses to direct the stimulation of vagal afferent fibers and activation of the von Bezold-Jarisch reflex by phenylbiguanide (39) . Although only a small proportion of NTS neurons activated by phenylbiguanide are also excited by increased AP (69), these reflexes converge at the ventrolateral medulla as phenylbiguanide excites baroactivated GABAergic neurons in the CVLM (74) and inhibits presympathetic RVLM neurons (85) . Deficits in sympathoinhibitory reflexes initiated by vagal afferents are not specific to OZR because obese Sprague-Dawley rats on a high-fat diet have diminished CCK-induced inhibition of splanchnic SNA that coincides with preserved subdiaphragmatic vagal afferent nerve responses and reduced CCK-induced c-Fos expression in the NTS and CVLM (37) . Furthermore, in these rats, bulbospinal RVLM neurons display significantly reduced barosensitivity and inhibition by CCK (37) . Similarly, Wistar rats on a high-fat diet become hypertensive with impaired baroreflexes and blunted inhibition of renal SNA to volume expansion (43) . Renal denervation restores these sympathoinhibitory reflexes in the obese rats (43) , and this denervation improves glycemic control in insulin-resistant rats by reducing hepatic glucose production and increasing insulin sensitivity (15) . Thus, poor glycemic control appears to foster a widespread impairment of autonomic reflexes that are mediated by activation of the NTS.
The long-term measurement of blood glucose by telemetry in conscious, undisturbed rats provided a more in-depth and accurate assessment of baseline values and changes in blood glucose over time. Analysis spanning 12-17 wk of age demonstrated a comparable fasting blood glucose in OZR and LZR that was chronically elevated in OZR with access to food by 12 wk of age. In addition, telemetry provided real-time changes in blood glucose that could not be readily achieved with periodic blood samples. For example, the time required for fasting to produce equivalent blood glucose levels in OZR and LZR grew longer as metabolic syndrome progressed over time, and neither group showed significant periods of hypoglycemia with fasting or drug treatments. Furthermore, within this age range, 1 wk of metformin treatment was sufficient to reduce fed glucose levels in OZR to match LZR. During GTTs, measurement of blood glucose by telemetry was essential for determining the time to reach peak glucose, which was usually longer in OZR than LZR, and an accurate determination of the peak, which would not be possible with the use of timed tail samples.
Measures of blood glucose by telemetry also revealed the development of enhanced glucose responses to mild stressors in OZR. Great care was taken to minimize disturbance to the rats during blood sampling from their tails, and LZR and OZR showed similar alerting and exploration responses with no obvious behavioral differences. At 12-14 wk of age, comparison of morning blood glucose values measured by tail and telemetry showed no differences in LZR or OZR whether they were fasted or fed, even though OZR displayed glucose intolerance when challenged. However, by 15-17 wk of age, tail sample values were much higher than telemetry values in fasted OZR but not in LZR. This discrepancy yielded striking contradictory results for fasted blood glucose levels between LZR and OZR, as OZR would be considered hyperglycemic with tail samples but not with telemetry measures. Telemetry also revealed differences in blood glucose between OZR and LZR after baseline tail samples before GTTs and return of food to cages afterward. Metformin treatment greatly reduced but did not eliminate discrepancies between tail sample and telemetry values in 15-to 17-wk-old OZR or differences in peak responses to glucose challenge between OZR and LZR. Thus, this dose of metformin was sufficient to maintain normal blood glucose levels in undisturbed OZR with access to food but was not completely effective for counteracting exaggerated rises in glucose to mild stressors. These data highlight the importance of considering that conscious rats may respond differently to the same environment and handling in healthy and disease states, and that these differences may not be detected by observing their behavior.
Adult male OZR have exaggerated sympathoexcitatory reflexes (41), but brief immobilization stress in adult male OZR evokes enhanced rises in glucose that are accompanied by normal increases in plasma norepinephrine and epinephrine in comparison with LZR (49) . Instead, these hyperinsulinemic OZR have larger reductions in plasma insulin after immobilization stress (49) , consistent with augmented corticosteronemediated inhibition of insulin secretion (7) . Without functional leptin receptors, OZR are not protected by leptin-mediated suppression of corticosterone release from the adrenal cortex during stressors like immobilization (34) . In addition to amplifying stress responses, corticosterone can raise AP and impair glutamatergic activation of the NTS (8, 78) . However, corticosterone-induced impairment of baroreflex-mediated changes in HR is related only to the gain, with no changes in the maximal phenylephrine-induced bradycardia (8) . Furthermore, the dose and duration metformin used in the present study appear to have no effect on comparable morning plasma levels of corticosterone in OZR or LZR of this age (72) . These data suggest that the beneficial effects of metformin and pioglitazone were not caused by reductions in corticosterone. However, enhanced corticosterone actions may contribute to the hypertension and exaggerated stress responses observed in OZR (16, 30, 34) .
Perspectives and Significance
Metabolic syndrome significantly increases the risk for development of cardiovascular disease and type 2 diabetes, and the diagnosis is defined by the presence of three of five attributes with stated threshold values for central adiposity, AP, and fasting blood levels of HDL cholesterol, triglycerides, and glucose. However, mounting evidence supports the importance of dynamic measures of AP and blood glucose. Increased variability of AP is a significant, independent risk factor for coronary heart disease, renal disease, stroke, and cognitive decline, and this deficit can be detected with short-term measures, such as white coat hypertension, or long-term measures, such as visit-to-visit variability in AP (25, 48, 57, 68, 71, 89) . Furthermore, the variability of AP has been shown to be a better predictor than mean AP for end-organ damage and cognitive decline (2, 47, 60) . White coat hypertension is significantly associated with a higher prevalence of glucose dysregulation that can be detected by glucose challenge but not a threshold value for fasting blood glucose (56, 57) . Similarly, in the absence of diabetes, a prediabetic level of fasting blood glucose (Ͼ100 mg/dl) is a better predictor of impaired HR variability and HR turbulence than any other attribute of metabolic syndrome (5) . Furthermore, in patients with type 2 diabetes the variability of blood glucose has a highly significant inverse relationship with baroreflex sensitivity (58) .
The present study postulates that chronic hyperglycemia with access to food is a critical link between insulin resistance and increased variability of AP because this state impairs the brainstem's response to acute changes in AP. Furthermore, the resulting diminished baroreflex-mediated control of HR occurs independent of hypertension and hyperinsulinemia. Because insulin resistance and poor glycemic control are not typically managed until a significant increase in fasting blood glucose is observed, a prediabetic population may not be treated while hyperglycemia impairs stability of AP. The present study underscores the need for early detection of poor glycemic control in metabolic syndrome to reduce the risks of stroke, cognitive decline, and irreversible organ damage that could occur before the onset of frank type 2 diabetes.
